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lifle: FbotocoraUe Compositioiis Contaiidiig Reactire Polysaosane Particles 
Ihveatais: Jtdrn W.Fong, David L. Johnson 

BACKGROUND OF THE INVENTION 
Fldd of the biventioii 

[OOOIJ The inveutioii relates to photocurable compositi0ns. nune particularly 
to photocurable composilioiis for steareolithography. 

1^ RelaiedAit 

jy [0002] U.S. Patent No. 5,002.854 to Fan et al. discloses a photohaidenable 

composition for stereolithogtaphy containing fiUer particles that are core sheU 
□ polymers. The core is a crosslinked multifunctional etfaylenically unsaturated 
,^ monomer; the sheU is based on a monofimctional ethylenicaUy unsaturated 

monomer. The particles are non-reactive and do not chemicany bond to the 
!^ polymer matrix formed on curing the composition. 

g [0003] U.S. Patent No. 5,461.088 to Wolf et al. discloses a stereolithography 
fotmnlation containing a polysiloxane block copolymer that is added to the 
fommlalionasanoilorcrystals. The block copolymer is not a core-sheU polymer 
and contains no reactive epoxy groups or etiiylenicaUy unsaturated gioups. U.S. 
Patent No. 5.463.084 to CriveUo et al. discloses a photocurable composition 
containing silicone oxetane monomers that are fiquid. U.S. Patent No. 5,639,413 to 
CriveUo discloses a photocurable composition containing a cyclohexylepmty 
siloxane monomer that is liquid. 

[0004] 3-D objects made by stereoUthography are generafly clear or sHghtly 
hazy, and tend to have rough surfaces. Opaque white objects with smooth surfeces 
are desirable as sunilar to plastic objects made by non-stereolithography processes. 
Smooth sidewalls are especiaHy useful when using an object prepared ftom 

DC-»S41.1 
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steieolittiography as a model to prepare a mold. There is therefore a need for 
altemative photDcataUe compositioiis far stereolithography to allow for vanadon in 
color, opacity, and surface properties. In particular, there is a need for 
stereolithography compositiQiis tbat form opaque white objects with improved 
suifBce properties. 

SUMMARY OF THE INVENTION 
[0005] The invoition provides a photocmable conq)osition, including (a) a 
cationicaDy curable monomer, (b) a ladicaDy cmable monomer; (c) reactive 

Ij. Partidesconq>rising a crossKnbedpolysilaxane core and a shell of rea<*ive groups 
on an outer suiface of die core, wherdn the reactive groups comprise epoxy groups, 
ethylenically unsaturated groups, or hydroxy groups; (d) a radical photoinitiatar. 
in and(e)acatlonicphotainitiator. 
ijg [OOmg Tie invention also provides a mefliodofinaldng a 3-D olgectftom 
p SIM* a con5K>sition by fonning a first layer of ttiephotocurable composition; 
jj eaqHwii^ the first layer ID actinic radiation sufficient to harden flie first layer, 
|| a second kyer of tiie photocmable composition above fliehatd*m^ 

\y ^a3^»«HTOsingtiie second layer to actinic radiation sufficient to harden flie second 
layers and repeating flie previous two st^s as needed to fwm a 3-D object 

DETAILED DESCRIPTION OF THE INVENTION 
[0007] "Stereolitiiogt^y" is a process tiiat produces soUd objects fiom 
computer-aided design ("CAD") data. CAD data of an object is first generated and 
tiien is sliced into tiiin cross sections. A computer controls a laser beam tiiat tiaces 
flie pattern of a sfice flirough a liquid plastic, solidi^ a thm layw of tiie plastic 
corresponding to tiie slice. The soUdified toyer is recoated mtb liquid plastic and 
tiie laser beam traces another slice to harden anotiier layer of plastic on top of tiie 
previous one. The process continues kiyer by layer to complete tiie part A desired 
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part may be built in a matter of hours. This process is d^cribed in U.S. Patent No. 
5,476,748 to Steinmann et al., U.S. Patent Publication No. 2001/0046642 to 
Johnson et aL, and by Jacobs in '*Rqnd Prototyping & Manufactoring'" (Society of 
Manufacturing Engineers, 1992), the entire contents of which documents are 
incoipoiiated herein by lef erence. 

[0008] ^-D objecf means a tfnse-dimensional object noade from at least two 
layers of a cured resin composition. 

[0010] *TolymerizaliQn" is a chemical reaction linking monomers to fom 
larger molecules. The resulting polymm have units that correspond to the 

\iA monomers. 

Q 

[0011] A ''monomer^ is a conq)ound that is capable of polymerizing with 

m 

1^ other monomers to form a polymer chain (XT matrix. The term ''monomef refers to 
1^ compounds with one or more reactive groups and includes oligomers that are, e.g., 

ifi dimets or trimers f onned from two or fbiee monomer units, respectively. 

II 

Q [0012] ''Crosslinked*' means a polymer that contains bonds between atoms of 
1^ two or more difG^ntpolymar chains. The result is a matrix that develops rigidity 
1^ because the polymer chains are bonded toother and can not flow freely. 
i*U Crosslinted polym^ genraially result from polymerizing monomm that have more 
tiian one reactive site, i.e., the monomers are polyfunctionaL 
[0013] *X:hmn£f* means to polymerize a mixture m^^ 
monomers and one or more initiators. *7Iardening*' may be synonymous with 
curing and eA3phasizes that when polymerized, liquid monomer mixtures tend to 
become solid. 

[0014] '"Photocurable conQ$)osition'' means a composition that may be cured 
or hardened by a polymerization reaction that is initiated by actinic radiation. 
[0015] "Actinic radiation" is light energy at a wavelength that allows a given 
chenucalcoiqpound to absents the Ug^t energy and fonn a reactive For 
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steareolilhogr^hy, typically a lasa beam or a flood lamp generates the actinic 
radiation. 

[0016] ^Y^onically curable** means a monom^ fliat can polymerize by 
cationic polymerization, a mechanism that involves cations, i.e., chemical species 
Oat are positively charged. 

[0017] ••Radically cnrable** means a monomer that can polymerize by radical 
polymerization, a mechanism that involves radicals, i.e., chemical species with an 
uiq>aired valence electron. 

[0018] Thotouutiatoi^ is a compound that absorbs actinic radiation to form a 

1^ reactive species that initiates a chemical reaction such as polymerizatioiL 

•» 

|«4 [0019] A -cationic photoinitiatcH'* is a photouutiator that generates cations 
iU 

m when exposed to actinic radiation and thereby initiates cationic polymerization. 

p [0020] A '^radical photoimtiator** is a photoinitiator that generates radicals 

JS when esxposed to actinic radiation and thereby initiates radical polymerization. 

□ [0021] "(Nfofli)acryIate**referstoanacrylate,metiiacrylate,oracom^ 
U tiiereof. 

Q [0022] 'Hybrid composition" means a photocurable composition with at least 
one radically curable component and at least one cationically curable component 

A. Cationically Curable Monomer 

[0023] Examples of cationically curable monomers are disclosed in, e.g., 
U.S. Patent No. 5,476,748 and U.S. Patent PubBcation No. 2001/0046642 Al , botii 
incorporated herdn by reference. 

[0024] The photocurable conqposition preferably contains from 15 to 80 % by 
weight of cationically curable monomer, more preferably from 50 to 75 % by 
weight 

[0Q2Sr| The cationically curable monomer may include one or more epoxide 
compounds in which the epoxide groups form part of an alicyclic or hetm>cyclic 
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ring system. Hie alicycKc epoxide preferably includes at least one aficyclic 
polyepoxide having at least two epoxy groups per molecule. Preferably, flie 
alicyclic polyepoxide is in a relatively pure form in terms of oligomer (e.g., dimer, 
trimer, etc.) content Preferably, the alicyclic polyepoxide has a monomer purity of 
over about 90 %, more pref^ably over about 94 %, even more pref^ably 98 % or 
high^. IdeaUy,dimeisortrimersorM^ieroHg<MnmaresubstantiaItyelim^^ 
Preferably, the alicyclic polyepoxide has an epoxy equivalent wdg|it feom 80 and 
330, more preferably from 90 and 300, even more preferably from 100 and 280. 
[0026] Examples of alicyclic polyepoxides include bisC2,3-epoxycyclopentyl) 
1«& ether, 2,3-epoxycyclopentyl glycidyl ether, l,2-bis(2,3- 

epoxycyclopentyloxy)ethane, bis(4-hydroxycyclohexyl)m^hane diglyddyl ether, 
2i2-bis(4-hydroxycyclohexyl)propane diglycidyl etfier, 3,4-epoxycycldhOTyhnethyl 
3,4-epoxycyclohCTanecaiboxylate, 3.4-epoxy-6-methylcyclohexylmefliyl 3,4- 
epoxy-6-methylcyclohexanecarboxylate» <fi(3,4-epoxycyclohexylmethyl) 
a hexanedioate, di(3,4-epoxy-6-methylcyclohexyhnethyl) hexanedioate, 
jS e1hylenebis(3,4-epoxycyclohexanecarboxylate, ethanediol di(3,4- 
'5 epoxycyclohexyhnethyl) ether, vinylcyclohexene dioxide, dicyclqpentadiene 
m diepoxide or 2-(3,4-epoxycyclohexyl.5,5-siaro-3,4-epoxy)cyclohexane-l,3- 
dioxane. 

[0027] 3,4-epoxycyclohexylmethyl 3*,4*-epoxycyclohexanecarboxylate 
having an epoxy equivalmt weig^ from 130 and 145 with varying degrees of 
monomer purity are commercially available. Araldite CY179 of Qba Spedality 
Chemicals has monomer purity of about 90 %. UVR6105 of DOW Corp. contains a 
smaller percentage of oligomers and thus has higher monomer purity than Araldite 
CY 179. Prefaied is Uvacure 1500 of UCB Radcure Corp., which has monomer 
purity of about 98.5 %. 
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[0Q28] Hie photocurable coinposition preferably contaiiis firom 5 to 80 % by 
weight, more preferably firom 10 and 75 % by weight, even more preferably ftom 
15 to 70 % by weigjit of alicyclic polyepoxide. 

[0029] The component (a) may indude a monomer with at least one 
epoxycyclohexyl gronp fliat is bonded directly (»r indirectly to a group containing at 
least one silicon atom. These monomers may be linear, branched, or cychc in 
structure. Exanq>les are disclosed in U.S. Pat No. 5,639,413, which is incorporated 
herein by reference. 

[0030] The photocoiable composition preferably includes one or more 

cationically curable compounds ttiat are polyglyddyl eHias, poly(P-methylglyddyl) 

ethers, polyglyddyl est^s, poly(P-methylglyddyl) esters, poly(N-glycidyl) 
ITJ 

ifl compounds, and poly(S-glyddyl) compounds. Cationically curable oxetanes are 
Ig disclosed in U.S. Pat No. 5,463.084, incorporated herein by refarence. 

^® [0031] Polyglyddyl ethers can be obtained by reacting a compound having at 

II 

Q least two free alcoholic hydroxyl groups and/or phenolic hydroxy] groups with a 

'f 

\A suitably substituted epichlorohydrin under alkaline conditions or in the presence of 
g . an addic catalyst followed by alkali treatment. Ethers of this type may be d^ved, 
for exan5)le, firom acyclic alcohols, such as ethylene glycol, diethylene glycol and 
higher poly(oxy ethylene) glycols, propane-l,2-diol, orpoly(oxypropylene) glycols, 
propane-13-diol, butane-l,4-diol, poly(oxytetramethylene) glycols, pentane-1,5- 
diol, hexane-l,6-diol, hexane-2,4,6-triol, glycerol, 1,1,1-trimethylolpropane, 
bistrimethylolpropane, pentaerythritol, sorbitol, and fnm polyepichlorohydrins. 
Suitable glycidyl ethers can also be obtained firom cycloaliphatic alcohols such as 
1,3- or 1,4-dihydroxycyclohexane, bis(4-hydroxycyclohexyl)metliane, 2,2-bis(4- 
hydroxycyclohexyl)propane or l,l-bis(hydroxymethyl)cyclohex-3-ene, or aromatic 
alcohols such as N,N-bis(2-hydroxyethyl)aniline or p,p'-bis(2- 
hydroxyethylamino)diphenyImethane. 
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[0032] Exaiqples of pref ened polyglycidyl eth^ include trimefliylolpropane 
triglycidyl ether, triglycidyl ether of polypropoxylated gJycCTol, and digly cidyl ether 
of 1,4-cyclohexanedmietfaanoL 

[0033] Hie following are oxdmples of commercially available catiordcally 
curable monomers: Uvacure 1500, Uvacnie 1501, Uvacure 1502 (1501 and 1502 
have been disoontinaed by UCB), Uvacure 1530, Uvacure 1531, Uvacure 1532, 
Uvacure 1533, Uvacure 1534, Uvacure 1561, Uvacure 1562, all commercial 
products of UCB Radcure Corp., Smyma, GA; UVR-6100, UVR-6105, UVR-6110, 
UVR-6128, UVR-6200, UVR-6216 of DOW Corp.; the Araldite GY series that is 

|»& Bi^henol A epoxy liquid resins, tibe Araldite CT and GT series that is Bisphenol A 

□ 

1^ epoxy solid resms, the Araldite GY and PY series that is Bisphenol F epoxy liquids, 
II die cycloaliphatic epoxides Araldite CY 179 and PY 284, the Araldite D Y and RD 
reactive diluents series, flie Araldite ECN series of epoxy cresol novolacs, the 

ffl Araldite EPN series of epoxy phenol novolacs, all conmiercial products of Ciba 

If 

Q Specialty Chemicals Corp., 4e Helo^qr 44, Heloxy 48, Heloxy 84, Heloxy 107, and 
jf others in the Heloxy product Hne, the EPON product line, all of Resolution 
|| Peif Qonance Products (Houston, Texas), the DER series of flexible aliphatic and 
1 V Bisphenol A liquid or solid qK>xy resins, the DEN series of epoxy novolac resins, 
all conunercial products of Dow Corp.; Celoxide 2021, Celoxide 2021P, Celoxide 
2081, Celoxide 2083, Celoxide 2085, Celoxide 2000, Celoxide 3000, Glycidole, 
AOEX-24, Cyclomer A200, Cyclomer M-lOO, Epolead GT-300, Epolead GT-302, 
Epolead GT-400, Epolead 401, Epolead 403, (Daicel Chemical Industries Co., 
Ltd.), E^icoat 828, E^coat 812, Epicoat 872, Epicoat CT 508 (Yuka Shell Co., 
Ltd.), KRM-2100. KRM-2110, KRM-2199, KRM-2400, KRM-2410, KRM-2408, 
KRM-2490, KRM-2200, KRM.2720, KRM-2750 (Asahi Denka Kogyo Co., Ltd.). 
[0034] The cationically curable mononoer may include conq>ounds containing 
vinyl ether groiqis. Preferred examples are aliphatic polyalkoxy 
di(poly)vinylelhers, polyallgrlene di(poly)vinylelhen5, andhydroxy-functionalized 
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niono(poly)vinylethers. More preferred vinyletheis are those havi^ 
alicyclic moieties in ttieir molecules. Preferably, the vinylether component is ftom 
0.5 to 20 % by wei^t of the photocurable composition. More preferably Ae 
vinylether component is from 2 to 17% by weight Even more preferably, the vinyl 
ether component is from 3 to 14 % by weight 

[0035] Examples of vmyl ethers include efliyl vinylether. n-propyl vinyl^er. 
isopropyl vinylether, n-butyl vinylether, isobutyl vinylether, octadecyl vinyleflier, 
cyclohexyl vmylether, butanediol divinylether, cyclohexanedimeAanol 
divinylether, diethyleneglycol divinylether, triethyleneglyool divmyleflier, tert-butyl 
vinylether, tert-amyl vmylether, efliylhexyl vmylether, dodecyl vmylether, 
ethyleneglycol divinylether, ethyleneglycolbutyl vinylethrar, hexanediol 
divinylether, triethyleneglycol methylvinylether, tetraefliyleneglycol divinyleflier, 
ifl trimefliylolpropane trivinylefh^, aminopropyl vinylether, dietfaylammoethyl 
m vinylether, ethylene glycol divmyl eAer, polyalkylene glycol divhiyl eflier, alkyl 
Q vinyl ether and 3,4-dihydropyranr2-methyl 3,4-dihydropyran-2-carbo3qrlate. 
jS Examples of commercial vmyl ethers mclude flie Plmiol-B200 divmyl ether 
|| (PEG200-DVE), poly-THF290 divmylether (PTHP290-DVE) and 
lU polyethyleneglycol.520 methyl vinylether (MPEG500-VE) all of BASF Corp. 

[0035] Exan^les of hydroxy-functionalized mono(poly)vinylethers include 
polyalkyleneglycol monovinylethers, polyalkylene alcohol-terminated 
polyvinylethers, butanediol monovinylether, CTclohexanedunethanol 
monovinylether, ethylenegjlycol monovinyletiha:, hexanediol monovinylether, and 
diethyleneg;iycol monovinylether. 

[0037] Further examples of vinyl ethers are disclosed in U.S. Patent No. 
5,506,087, incorporated herdn by reference. 

[0038] Exanq)les of commercial vinyl ethers include Vectomer 4010 ^VE 
isophthalate), Vectomer 4020 (pentanedioic acid, bis[[4- 
[(ethenyloxy)methyl]cyclohexyl]methyl] est«r), Vect0m^4O51 (CHMVE 
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terephthalate), Vectomo: 4060 (vinyl ether tmninated afiphafic estex monom^ 
HBVB adipaie), and Vectomer 5015 (tiis(4-vinyloxybutyI)tc]meUitate), all of 
MoEcflex, Inc., Gieensboro, NC. Pie^med vinyl ethers are Vectomer 4010 and 
Vectomer 5015. 

[0039] Hie photocmable conq)Osi1ion of the invention may include mixtures 
of the cationically curable coni^unds described above. 

B. Radically Curable Monomer 

[0040] Ihe radically curable monomer (b) of the inv^tion is preferably 
1^ etiiylenically unsaturated. More prefmbly, the monomer is a (meth)acrylate. The 
|3 monomer may include at least one poly(metii)acrylate, ag., a di-, td-, tetra- or 
W pentafimctional monomeric or oligomeric aliphatic, cycloaliphatic, or aromatic 
II! (meth)actylate. Ihe poly(metfa)acrylate preferably lias a molecular weight of &om 
|| 200 to 500. 

1^ [0041] Exanq)les of di(meth)acrylates include di(me1fa)acrylates of 

cycloaliphatic or aromatic diols such as 1,4-dihydroxymethylcyclohexane, 2,2- 

\tA 

bis(4-hydroxy-cyclohexyl)prqpane, bi5(4-hydrosycyclohexyl)metfaane, 
hydioquinone, 4,4'-dihydioxybiphenyl, Bisphenol A, Bisphenol F, bisphenol S, 
efhoxylated or propoxylated Bisphenol A, ethoxylated or propoxylated Bisphenol F, 
and etiioxylated or piopoxylated bisphenol S. Di(metii)aciylal]es of tins kind are 
known and some are commercially available, e.g., Ebecryl 3700 (UCB Chemicals). 
[0042] Alternatively, the di(metii)acrylate may be acyclic aliphatic, rather 
than cycloaliphatic or aromatic. 

[0043] Pceferab]^, the poly(melfa)acrylate includes a tri(meth)acrylate or 
M^er. Rtefecred conq)ositions are those in which the free rascally curable 
conqx)nent contains a tii(meth)acrylate or a penta(meth)acrylate. Examples are the 
td(metii)acrylates of hexane-2,4,6-triol, glycerol, 1,1,1-tzimetfaylolpropane, 
ethoxylated or propoxylated glycerol, and ethoxylated or propoxylated 1,1,1- 
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tdmethylolpropane. Odier exanq>les are the hydioxyl-contaiinng tri(meth)aciylates 
obtained by reacting triqpoxide compounds (e.g., the triglycidyl ethers of the triols 
listed above) widi (meth)aciylic acid Odier examples are pentaerytMtol 
tetraacrylate, bistnmethylolpropane tetraaciylate, penta^ythritol 
monohydroxytri(metii)acrylate, or dipentaerythiitol 
monQbydroxypenta(me1h)ac]3date. 

[0044] Hie poly(meth)aciyIate may include polyfimctional urethane 
(meth)acrylates. Urethane (meth)aciylates can be prepared by, e.g., reacting a 
hydroxyl-tenninaied polyuretbane with acrylic add or methaciylic acid, or by 

\v& reacting an isocyanate-terminated prepolymer widi hydroxyalkyl (metfa)acrylates to 

Q 

1^ give ifae uretfaane (meth)acrylate. 

[0045] Exanq)Ies of suitable aromatic td(meth)acrylates are Ibe reaction 
1^ products of triglycidyl ethers of tdhydric phenols and phenol or cresol novolaks 
t;^ containing three hydroxy] groups, with (meth)acrylic add. 
Q [0046] The foUowing are examples of commercial poly(meth)acryIates:SR® 
jf 295. SR® 350, SR® 351, SR® 3S7, SR® 368, SR® 399, SR® 444, SR® 454, and 
g SR® 9041 (SARTOMER Company). 

m [0047] SR®368 is an example of an isocyanorate tiiacrylate, which is 
preferably inchided in the photocurable composition wiftt a smaller amount of a 
monohydroxyp^itaaciylate such as SR® 399 to avoid prodadng tacky sidewaUs in 
flie 3-D object 

[0048] Additional ^camples of commercially available acrylates include 
KAYARAD R-526. HDDA, NPGDA, TPCSDA, MANDA. R-551, R-712, R-604, R- 
684, PEr-30, GPO-303, TMPTA, THE-330, DPHA-2H, DPHA-2C, DPEIA-21, D- 
310, D-330, DPCA-20. DPCA-30, DPCA-60, DPCA-120, DN-0075, DN-2475, T- 
1420, T-2020, T-2040, TPA-320, TPA-330, RP-1040, R-011, R-300, R-205 
(Nippon KayakD Co^ Ltd.), Aronix M-210, M-220, M-233, M-240, M-215. M- 305, 
M-309, M-310, M-31S, M-32S, M-400, M-6200, M-6400 CToagosd Chemical 
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Industry Co, Ltd.), light aciylate BP-4EA, BP-4PA, BP-2EA, BP-2PA, DC^-A 
(Kyoeisha Chemical Industry Co., Ltd.), New Econtier BPB-4, TEICA, BR-42M, 
GX-8345 (Daichi Kogyo Sdyaku Co., Ltd.), ASF-400 (Nippon Steel Chemical 
Co.), Ripoxy SP-1506, SP-1507, SP-1509. VR-77, SP-4010. SP^060 (Showa 
Higlipolymer Co., Ltd.), NK Esta: A-BPB4 (Shin-Nakamnra Chemical Industry 
Co., Ltd.), SA-1002 (Nfitsuhishi Chemical Co., Ltd.), Viscoat.195, Viscoat-230. 
Viscoat-260, Viscoat-310, Vlscoat-214HP, Vlscoat-295, ^coat-300, Viscoat-360, 
Viscoat-GPT, Viscoat-400, \^coat-700, Viscoat-540, Viscoat-3000, Viscoat-3700 
(Osaka Organic Chemical Industry Co., Ltd.). 
\j, [0049] Preferably, the radically curable monomer includes a coiiq>ound 

having at least one teiininal and/or at least oxie pendant (i.e.,int 
|V gix>up and at least one tranQinaland/(» at least one pendant hydroxylgr^ Tlie 
in conq)osition may contain more iban one such compound. Examples of such 
OB compounds include hydroxy mono(meth)acrylales. hydroxy poly(mefli)acrylates, 
□ hydroxy monovinylelhers, and hydroxy polyvinyletbers. Commercially available 
exan9)les mclude dipentyaeryfbritol pentaacrylate (SR® 399), pentaerytfaritol 
triacrylate (SR® 444), and bisphenol A diglyddyl eflier diacrylate QBbecryl 3700). 
itl [0050] The photocurableconoposition preferably contains up to 60%, more 
preferably from 5 to 20 even more preferably from 9 to 1 5 % of radically 
curable monomer(s). 

[0051] In one embodiment, the photocurable composition contains up to 40 
% by weight, more preferably from 5 to 20 % by weigjht, of a cycloaliphatic or 
aromatic di(melh)acrylate and iq> to 15 % by wdght, prefoably up to 10 % by 
weight of a poly(medi)acrylate with 3 or more (meth)acrylate groiq>s. The ratio of 
diacrylate to poly(meth)acrylate with 3 or more (meth)acrylate groups may vary, 
but prefarably the latter is no more than 50 % of total (meth)acrylates. 
[0052] In another embodiment, the photocurable composition may contain 
much smaller relative amounts of di(meth)acrylate, and may even contain 
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exclusively poly(ineth)aci7lates with 3 or more (meth^ 

curable monomer (b) with no or substantially no di(meth)acrylate. 

[0053] The photocurable composition of the invention may include mixtures 

of the radically curable conqpounds described above* 

C Reai^eParlides 

[0054] The reactive particles have a coie containing a cxosslinked 
polysiloxane and a shell containing reactive groups. 

[0055] llie reactive particles niay be inade by the method disposed in U.S^ 
1^ Patent No. 4,853,434 to Block, incorporated in its entirety herein by reference. 

Block discloses reactive particles that are useful in iHX>ducuig fiber-remforced 
itJ plastics, structural adhesives, laminated plastics, and anneahng lacquers. 

iH [0056] The core is a crosslinked polyorganosiloxane rabb^ tiiat may incbide 

Q 

1% dialkylsiloxanerqpeatmg units, where "alkyr is Cl<;6al]cyL The core preferably 
Q includes dunethylsiloxane repeating units. 

f [0057] The reactive groups preferably include epoxy groiq>s, etfiylenically 
'P unsaturated groups, and/or hydroxy groiQ>s. For example, the reactive groups may 
fU include oxirane, gflycidyl, vinyl ester, vinyl ether, or acrylate groiq>s, or 
conobinations thereof. 

[0058] The reactive particles react with flie polym^ matrbc that forms when 
the photocurable composition is polymerized by forming one or more chemical 
bonds to the polymer matrix via the reactive groups. Preferably, tiie reactive groups 
react substantially coaq>letely on curing the photocurable composition. 
[0059] The amount of reactive particles m die photocurable composition may 
be varied as needed dq>ending on the particular components (a) and (b) in a given 
photocurable composition. At high concentrations of reactive particles the 
photocurable conqx>sition may become too viscous and bubble formation may be a 
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problem. Preferably the photocuiable composition contains firom 1 to SO % by 
wei^ of the leactive particles, more preferably fioom 5 to 15 % by weight 
[0060] Tie reactive particles preferably have an average particle diameter of 
0.01 to SO |im, more preferably 0.1 to 5 \uxl 

[0061] Ptef eiied reactive particles that are available commercially are 
Albidur EP 2240, Albidnr VE 3320, and AMdor EP 5340 (Elanse C3iemie, 
Geamany)* Preferably, the reactive particles are added to the photocurable 
composition as a mixture of flie reactive particles and a reacdve liquid medium 
containing, e.g., epoxy or ethylenically unsaturated groups. For example, in 
Albidor EP 2240, the reactive <»ganosiloxane particles are dispersed in bisphmol A 
glyddyl edier, in bisphenol A vinyl ester for Albidur VE 3320, and in 



m cycloaliphatic epoxide for AIbidurEPS340» 

Q [0062] Commerdal dispersions of reactive pardcles may be heated at from 



50 to 60 to reduce viscosity, preferably without stining. Stuiing while heating 



Q may cause instability in die reactive particles. Hie commercially available reactive 
|«& particle dispersions are preferably used wilhm the manufacturer's listed shelf life; 
Q otherwise the solids may coagulate and settle out of solution over tune. 



[0063]^ Compatibility of the reactive particles and the commercially available 
dispersions thereof with components (a) and (b) will vary depending on their 
relative polarities. This must be taken into account hi preparing formulations fliat 
are suitable for stereolithography. 

D. Photoiniliators 

[0064] Radical photoinitiator (d) may be chosen from those commonly used 
to initiate radical photopolymerization. Examples of radical photoinitiators include 
benzoins, 6.g., b^izoin, benzoin ethers such as benzoin methyl ether, benzoin ethyl 
edier, brazoin isqpropyl eflier, benzoin phenyl ether, and benzoin acetate; 
acetophenones, e.g., acetophenone, 2,2-dimethoxyacetophenone, and 1,1- 
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dichloroacetpphenone; benzil ketals, e.g., hesml dimethylketal and benzil diethyl 
ketal; anthiaquinones, e.g., 2-methylanthraquinone, 2-ethylantiiraquinone, 2-tert- 
butylanthraqmnone, l-chloroandiraquinone and 2-aniylanthraqiiinone; 
triphenylphosphine; benzoylphosphine oxides, e.g., 2,4,6-triinethyIbenzoyl- 
diphenylphospWne oxide (Luzirin® TPO); WsacylphospWne oxides; 
benzophenones, e.g., benzophenone and 4,4*-bis(N,N*-di-methyl- 
anuno)benzophenone; thioxanthones and xanfliones; acridine derivatives; phenazine 
derivatives; quinoxaline derivatives; l-plienyl-l,2-propanedione 2-O-benzoyl 
oxime; 4-(2-hydroxyethoxy)phenyI-(2-propyl)ketone (Trgacure 2959; Ciba 
{g Specialty CSieniicals); 1-aminophenyl ketones or 1-hydroxy phenyl ketones, e.g., 1- 
l«s hydiDxycyclohexyl phenyl ketone, 2-hydroxyisopropyl phenyl ketone, phenyl 1- 
1^ hydroxyisoptppyl ketone, and 4-isqpropylphenyl 1-hydioxyisopropyl ketone. 

[0065] Preferably, the photocurable conrposition includes a 1-hydroxy phenyl 
03 ketone, more preferably 1-hydroxycyclohexyl phenyl ketone, e-g„ Ifgacuie 1 84 
13 (Ciba Specialty Chemicals). 

I [0066] The radical photinnitator is preferably present at fiom 0.1 to 10 % by 
Q weight, more pieferably ficom 0.3 to 8 % by weight, most preferably ftom 0.4 to 7 % 
I'U by weigjit of the photocurable composition. 

[00^ Cationic photomitiators (e) may be chosen from those commonly used 
to initiate cationic photopolymerization. Examples include onium salts with anions 
of weak nucleophilicity, e.g., halonium salts, iodosyl salts, sulfonium salts, 
sulfoxonium salts, or diazonium salts. Metallocene salts are also suitable as 
photoinitiators. Qnium salt and metallocene salt photoinitiatocs are described in 
U.S. Patent No. 3,708,296; TJV-Curing, Science and Technology", (Editor: S.P. 
P^pas, Technology Marketing C<Mp., Stamford, Connecticut); and "Chemistry & 
Technology of UV & EB Fbnnulations for Coatings, biks St Paints," VoL 3 (edited 
by P.K.T. Oldring), each of which is mcorporated herem by reference. 
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1006S1 Exainples of commercial cadonic photoinitiatois include UVI-6974, 
UVI-6976, UVI-6970. UVI-6960, UVI-6990 (manufactured by DOW Corp.), CD- 
1010, CD-1011, CT)-1012 (mannfactnied by Sartomer Corp.), Adekaoptomer SP- 
150, SP-151, SP.170, SP-171 (manufectmed by Asahi Denka Kogyo Co., Ltd), 
Irgacnre 261 (Ciba Specialty Chemicals Corp.), a-2481, CI-2624, a-2639, Q- 
2064 (Nippon Soda Co, Ltd.), DTS-102. DTS.103, NAT-103, NDS-103, TPS-103, 
MDS.103,MPI-103,BBI-103 (Midori Chemical Co, Ltd.). Most preferred are 
UVI-6974, CD-1010, UVI-6976, Adekaoptomer SP-HO, SP-171. CD-1012, and 
MPI-103. Tlie cationic photoinitiators can be used either individually or in 
g coinbinationof twoormore. The catioxnc photoiiutator is prdEerably present at 

1^ fiom 0.05 to 12 % by weight, more preferably from 0.1 to 11 % by weight, most 
ITJ , 

in preferably from 0.15 to 10 % by weight of the photocurable composition. 
|| [0069] Fbrstereolitfaography using a laser, the radical and cationic 

photomitiators are preferably selected and then* concentrations axe preferably 
a adjusted to achieve an absorption capacity such that the depth of cure at the normal 

u laser rate is from about 0.1 to about 23 mm, 

'5 

1^ £• Other Components 

[0070] The photocurable composition may contain a vaiieQf of odier 
components. Exaix^les of sucAcomponrnts include modifiers, toug^CTers, 
stabilizers, antifoaming agents, leveUng agents, thicl^ning agents, flame retardants, 
antioxidants, pigments, dyes, fillers, and combinations thereof. 
[0071] The photocurable composition may contain one or more 
polytetramethylene ether glycols ('^poly THPO. Tlxe poly THF preferably has 
molecular weight from about 250 to 2500. The poly THF may be terminated with 
hydros, epoxy, or ediylenically unsaturated group(s). Polytetramethylene ether 
glycols are commercially available in the Polymeg® line (Perm Specialty 
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Cbendcals). Pteferabty, the photocorable coii^xjsition includes Pblymeg® 1000 or 
Polymeg® 2000. 

[0072] The photocurable composition may also contain one or more diols 
such as 1,4-cycIohexanedimetlianol ("CHDMT). 

[0073] The photocoiable conq)osition may also contain one or more 
stabilizers. Prefeu ed stahilizeis are hindered amines, e.g., benzyl dimethyl amine 
CTBDMA"). 
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F. Stereoiifhography Equipment 

[0074] The aclinic radiation is generally a beam of ligjit that is controlled by 
aconqmter. Preferably, tbe beam is a laser beam controlled by a 
[0075] In principle any stereolidiograpliy machine may be used to carry out 
the inventive method. Stereolifliography equipment is commercially available fiN>m 
various manufacturers. Table I lists conunercial SL equipment available from 3D 
Systems, Inc. (Valencia, CA). 



[007Q 



Table I: Stereolithogreqphy Machines 



Machine 


Wavelength (nm) 


SLA 250 


325 


SLA 2500 (Viper) 


355 


SLA 3500 


355 


SLA 500 


351 


SLA 5000 


355 


SLA 7000 


355 



[0077] 'Xheeax model" is the 3-D object initially formed by the 
stereolithography process of layering and curing, where typically the layeaas are not 
completely cured This permits successive layers to better adhere by bonding 
togeth^ when further cured 
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[0078] •Tostcming" is the process of reacting a green model to fartti^ cure 
the partially cured layers. A grera model may be postcuted by exposure to heat, 
actinic radiation, or botlL 

[0079] **Green strengtii'' is a general term for mechanical performance 
properties of a green model, including modulus, strain, strength, hardness, and 
layex-to-layer adhesion. For exanq)le, green strength may be reported by measuring 
flexural modulus (ASTM D 790). An object having low green strength may deform 
under its own weight, or may sag or coU^se during curing. 
[0080] "Penetration depth" CT>p*') is a property of a given pairing of 

|«& photocurable con^osition and laser. is the slope of a plot (*Vorkmg curve") of 

Q 

j^. cure d^th (mm) against the log of ensure (mJ/cm> "Cure depth" is the 

measured thickness of a layer formed by exposing the photocurable composition to 
a specified dose of energy from the laser. 

m [0081] "CMtical Exposure" C^'O is a property of a photocurable 

II 

□ composition and e3q[iresses the threshold amount of radiation in mJ/cm that causes 
the photocurable composition to geL The Ee is flie maximum exposure value of the 
woddng curve when core depth is still zero. 

[0082] 'Dispersed" means a separate phase, e.g., of particles distributed by 
mixing m a photocurable composition. 

6. EXAMPLES 

[0083] The general procedure used for prq)aring 3-D objects witii SL 
equipment is as follows. The photocurable composition was placed in a 300-700 
ml plastic container or in a vat designed for use witii the stereolitfaography 
machines. The specific container dq)ends on the size of die desired 3-D object 
The photocurable conqposition was poured into the container within the machine at 
about 30^C. The surface of the conq>osition, in its entirety or a predetermined 
pattern, was irradiated with a UV/VIS li^t source so that a layer of a desired 
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tinclmess cured and solidified in llie inadiated area. A new layer of tlie 
photocuiable conqiosition was foamed on Ote solidified layer. Tte new layta- was 
likewise inadiated over the entire surface or in a predetei^ The newly 

solidified layer adhered to die underlying soUdified layer. Repeating the layer 
fomiatUni step and die inadiatirai step produced a green model of multiple 
solidified layexs. 

[OOM] The green model was tiien rinsed in tripropylene glycol monomethyl 
ether (TPM"). The green model was tiien rinsed wifli water and dried mfh 
conqaBssedair. The dried green model was then postcmed with UV radiation in a 

|=t postcure apparatus CTCA'O for about 60 - 90 minutes. 
Q 

1^ [008^ StHedithogc^y equipment QTpicallyanows for setting various 
I J opHational parameters. Exanq>Ies thereof appear in Tables H and IE below. The 
g Pa^unetersareweUfaiowntoapersonofskillintheartofstBteoKthographyand 
m "ayJ^ adjusted as needed dq)endmg on various factors, including the specffi 
Q Pbotocnrablecon^sition and die geometry oftiie desired 3-D object 
jS [00861 "Layer Thickness'* is the diickness of each sHce or layer of flie 3- 
|| dimensional object that is to be built 

™ [00871 "Hatdi Overcure" is die depth beyond die layer thickness which is 
exposed during a giv«D pass (hatch) of the laser. 

[00881 ^'HatehSpacing'* is die distance between ajgacent hatch vectors. 
[0089] "m Cure Depth" is die absobite depdi of curing for Ihe fill vectois on 
a given pass of fill. Hlls are ligjitly spaced vectors drawn on flie regions of the part 
that formupEacing or downfodng sur&ces. 

[0090] "Ha Spadng" is die distance between adjacent fill vectors. 

[0091] "Border Overcure" is die depdi beyond die layer diickness tiiat die 
borders are cured. 
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[0Q92] ''Prefexced Blade G^" 18 a distance, ^voi in petc«it of layer 
Mckness, desoibing the prefened distance between tihe bottom of die lecoater and 
last lsy& of ibe part at time of sweeping. 



[0093] 



TaUen 



O 
I* 
iV 
Ifi 

m 

IS 

II 

a 

■f 

Q 

m 



[0094] 



Parameter 


Value 


Layer thickness 


0.004 inch 


Hatch Overcure 


0.000 inch 


Hatch Spacing 


0.004 mch 


FillCoieDepfh 


0.010 inch 


HU Spacing 


0.004 inch 


Border Oveicuie 


0.009 inch 


Preferred Blade Gap 


0,004 inch 


Dp 


0.0063 inch 




9.2niJ/cm^ 


Table m 


Parameter 


Value 


Layer thickness 


0.006 inch 


Hatch Overdue 


0.002 inch 


Hatch Spacing 


0.009 inch 


Fill Que Depth 


0.015 inch 


Hll Spacing 




Border Overcure 


0.012 inch 


Preferred Blade Gap 


0.004 inch 


Dp (Depth of Penetration) 


0.0057 inch 


Ec (Critical Energy) 


6,3 mJ/cm^ 



Example 1 

[0095] The following components were mixed at room temperature in a 
container to form a homogeneous photocurable composition. The composition was 
an opaque liquid with a viscosity of 195 CPS at 30X (Biookfield, RVT). 
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•gg-gflmples 2-S 

10096} The lesin fonnalations shown in Table IV were prepared using the 
procedure desoibed for Example 1 (The numbers in Table IV refer to the peicait 
by weight for each conqKment of die total mixture). Table V provides definitions 
for the trade names in Table IV. 



[0097] 



Table IV 



m 
m 
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Component 


Ex.! 


Ex.2 


Ez.3 


Ez.4 


Es:.5 


UvacorelSOO 


49 


45.18 


3942 


33.95 




He!ozy48 


8 


27 


28.84 


15.52 




Hel02:y84 








7.76 


10 


HfeloxvlOy 


8 






12^ 


15.1 


GelestDBE-C25 






3.85 






AIbidiirEP2240 


3 










AlbidiirVB3320 








3 




AlbidarEP5340 




10 


1.92 




40 


Dianor320 








7.76 


15 


Polymeg 1000 


6 










Polyineg2000 






7.69 






CHDM 
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Table V: Definidons for Trade Names 



Tiado Mains 


Source 


(^emlc^Nanie 


UVACUREISro 


UCB Oiemlcals Corp. (Radcure) 


3/l-EpQxycycIohexylmBthyl 3*,4'-epQxycvdcrfiexanecaibQ)(yIat9 


HBOXr48 


Resolufion Perfbrnianoe 


TrimethylolprDpane triglyddyl ether 




ResofuSon PeffbnnancB 
Product LLC 


Triglycidyl ether of polypropoxylated glycerol 


HELOXYIOZ 


Resolution Performance 

PlDOlK^LLC 


Diglyddyl ether of GHDM 


Gel6StDBE-G25 


benesee roiyiiiers uorporaiioii 


roiy^cuincUiyisiioxarie/, nyQnjj^\pu\y&\nyimwoxy 
terminated 


AltftlurEP2240 


HanseChsmie 


SiDoGRe^KSQr partides in Bi^hend A epoxy rean 


AIKdurVE3320 


Hanse Chem!e 


SiScon&vinyl ester parades In vinyl ester resin and styrsna 


AIb!djrEP5340 


HanseQiemie 


SIDcone-epaxy parfides in aOi^c epoxy 


PdvmealOOO 


Penn Special Chemicals 


PolytetFam^Iene ether glycol (MW ca. 1000) 


Polvmea2Q00 


Penn ^)8da&y Chemicals 


Polytebamelhylene ether glycol pw ca. 2000) 


CHDM99% 


Aldrich Chemical Co. 


1 ,4-Cyclohexanedimethanol 


0!anol320 


Sepi»^lnc. 


Dlpropoxylated bisphenol A 


on woo 


SartomarCo. 


Tria^hydroxy ethyl) tsocyanurate triacrylate 


SR399 


SartomerCo. 


DIpentaeiythrBol pentaaoylate 


SR9041 


SartomerCo. 


Pentaacrylate ester 


CN120 


SartomerCo. 


Ksphenol A l^poxy D'ociylate 


EbecryldTQO 


Radcure Specialties 


Bisphenol A diglyddyl ether daciylate [4687-^] 


Vectomer4010 


Morflex, Inc. 


BisI4^vinyloxy)butyO feophftialaiB, 98% 


Iigacure184 


at)a Speedily Chemicals 


l-hydroxycydohexyl phenyl Icelone 


Cyi8CiireUV]6g76 


Dow Chembal Company 


Mixture of PhSKC6H4)^*Ph2SbF6-and Ph2SMC6H4)S(C8H4)- 
S^Ph2(SbF6-)2 
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[0099] A 3D Systems Vipear Si2 (SLA 2500) machine was used to prepare 10 
objects using die fanniilation of Exan^le 1. The machine settings used are diose in 
Table IL The objects were opaque white or o£f-white and had a glossy surface. 
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TRSfflm plelO 

[00100] An SLA 5000 machine was used to prepare 24 objects using the 
formulation of Exanq)le 1. Hie machine settings used are those in Table III- The 
objects weace opaque while or off-white and had a glossy surface. 

[00101] While embodiments of the invention have been described above, 
those embodiments illustrate but do not limit die invention. Adaptations and 
variations of fliose embodiments are wifliin the scope of the invention as set forth in 
the following claims. 
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1 . A photocurable compositioii, conqirismg: 

(a) a catiomcaUycaiable monomer; 

(b) a radically curable monomer; 

(c) ' leactive particles conqjrising a crossIinkedpolysUo^ 

shell of reactive groups on an outer surface of the cote, whecein the reactive groins 
comprise epoxy groiqjs, ethylenically unsaturated groups, or hydroxy groups; 

(d) a radicid photoinidatcn:; and 

(e) a cationic photoinitialor. 

a 

ly 2 A con^wsition as claimed in claim 1, wherein the core concpises 

m 

m diall^lsiloxane rq^eatmg umts. 

O 

w 

j'^ 3. A con$K>sition as claimed in claim 2, wherein the core compiises 

>f dunediylsiloxane repeating units. 

1^ 

W 4. A composition as claimed in claim 1, wherein the reactive groups 

conqxrise epo?^' groups. 

5. A con5)osition as claimed in claim 4, wherein the reactive particles 
comprise Albidur BP 2240 or AlbidurEP 5340. 

6. A composition as claimed m claim 1, wherein the reactive groups 
comprise ethylenically unsaturated groups. 

7. A composition as claimed in claim 6, wherein the reactive particles 
conq)rise VE3320. 



in 'Qli 
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8. A coiiq)osition as claimed in claim 1 , wherein the reactive particles 
have an average particle diamet^ of from 0.01 and 50 |m 

9. A conqwsition as claimed in claim 1, wherein the reactive particles 
are c^)able of reacting substantially completely to form chemical bonds to a 
polymer matnx fliat is formed on curing the photocurable composition. 

10. A composition as claimed in claim 1 , wherein (a) comprises a 
polyepoxide. 



11. A con^osition as claimed in claim 10, wherein (a) comprises an 



q 

IV 
Ifl 

q alicyclic polyepoxide. 

Q 12. A conq)osition as claimed in claim ll,wh^in the alicychc 

|f polyepoxide has monomer purity of over about 94 %. 

Q 

I'M 13, A conq)osition as claimed in claim 1, wherein (b) comprises a 

poly(meth)acrylate. 

14. A composition as claimed in claim 13, comprising a 
poly(metii)acrylate having a hydroxy group. 

15. A composition as claimed in claim 13, wherein (b) comprises a 
di(meth)acrylate and a poly(meth)acrylatB containing at least three (metii)acrylate 
groups. 
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16. A conqpodtion as claimed in claim 1 , further compiising a polyether 

polyoL 

17. A method coitq>rising: 

(1) farming a first layer of the photocurable composition of claim 1 ; 

(2) exposing the first layer to actinic radiation sufficient to harden the 
first layCT; 

(3) forming a second layer of the photocurable composition of claim 1 
above the hardened first layer; 

(4) exposing the second layer to actinic radiation sufficient to harden the 
second layer; and 



a 
m 



(5) repeating steps (3) - (4) as needed to form a 3-D object 



|f:£ 

m 
m 
m 

Q 

1)9 18. A method as claimed in claim 17, further comprising a step of 



Q postcuring the 3-D object 



19. A 3-D object prepared by the method of claim 17. 

20. The 3-D object of claun 19, wherein the 3-D object is opaque. 
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ABSIRACr OF THE DISCLOSURE 

A photocorable conqN)sition, inclu(fing (a) a catiomcally curable monomer; 
(b) a radically curable monomer; (c) reactive particle comprising a oossliiiked 
polysiloxane core and a shell of reactive groups on an outer surface of ttie core, 
wherem the reactive groups comprise epoxy groiq>s, etibyloically unsaturated 
groups, or hydroxy groups; (d) a radical photoinitiator; and (e) a cationic 
photoinitiator. A method ofmaking a 3-D object from such a composition. A 3-D 
object made by the mefliod 
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